Purpose: To determine the safety and tolerability of olaparib with cisplatin and gemcitabine, establish the maximum tolerated dose (MTD), and evaluate the pharmacodynamic and pharmacokinetic profile of the combination.
Introduction
Poly (adenosine diphosphate [ADP]-ribose) polymerases (PARPs) comprise a family of enzymes that play an integral role in DNA repair through the process of base excision (1, 2) . PARP1, a ubiquitous nuclear enzyme is a key member of the PARP family. Decreased activity of PARP results in the accumulation of single-strand breaks in DNA, which eventually leads to DNA double-strand breaks. The inability of the cell to repair this damage by the homologous recombination double-strand DNA repair pathway can prove lethal. BRCA1 and BRCA2 are important members of the homologous recombination pathway. Hence, BRCAdeficient tumors are more susceptible to the effects of PARP inhibition.
Olaparib (4-[(3-{[4-cyclopropylcarbonyl) piperazin-1-yl]carbonyl}-4-fluorophenyl)methyl]phthalazin-1(2H)-one; AZD2281; KU-0059436) is a potent oral PARP inhibitor (3) . A phase I study of olaparib in 60 patients, including 23 carriers of mutations in BRCA1 or BRCA2, showed significant clinical benefit in mutation carriers (4) . As a single agent, olaparib has been well tolerated at doses up to 400 mg twice daily using a continuous schedule (4) . Adverse events were generally mild and the incidence of myelosuppression was low. In a phase I study of olaparib and dacarbazine, the optimal dose of olaparib was determined to be 100 mg twice daily on days 1 to 7 of a 21-day cycle with dacarbazine administered at a dose of 600 mg/m 2 on day 1. The incidence of myelosuppression, especially neutropenia, was higher than what could be expected with single-agent dacarbazine (5) .
Platinum agents form complex adducts that damage DNA and lead to cell death (6) . This is counteracted by the DNA repair mechanisms of base excision repair (BER) and nucleotide excision repair. Because of the role of PARP in DNA repair, PARP inhibition has been shown to potentiate DNA damage induced by platinum agents as well as other inhibitors of DNA synthesis such as gemcitabine and overcome acquired resistance to these agents (7, 8) . We conducted a phase 1 study to evaluate the safety and tolerability of olaparib administered with cisplatin and gemcitabine, an active regimen in several solid tumors.
Patients and Methods

Patients
Eligibility criteria included histologically confirmed advanced solid tumors for which standard curative treatments do not exist; completion of chemotherapy, radiotherapy, or surgery !4 weeks before study enrollment; age >18 years; Eastern Cooperative Oncology Group (ECOG) performance status 2; life expectancy 3 months or more; adequate organ and bone marrow function; and signed informed consent. Exclusion criteria included uncontrolled intercurrent illness, unstable brain metastases, primary CNS malignancies, and known deleterious BRCA1 and BRCA2 mutations (protocol was later amended to delete this exclusion criterion).
The primary endpoints were to establish the safety and tolerability of olaparib in combination with cisplatin and gemcitabine, determine the maximum tolerated dose (MTD), and evaluate the effect of treatment in peripheral blood mononuclear cells (PBMC) and tumor biopsies. The secondary objective was to evaluate the pharmacokinetics of olaparib.
This trial was approved by the Institutional Review Board. All patients provided written informed consent.
Study design
For this study (NCT00678132), cohorts of 3 to 6 patients were enrolled at each dose level. At DL1, olaparib was administered orally twice daily on days 1 to 4. Cisplatin was administered i.v. at 60 mg/m 2 over 1 hour on day 3 and gemcitabine at 500 mg/m 2 i.v. over 1 hour on days 3 (after cisplatin) and 10. Because of significant myelosuppression the protocol was amended to enroll patients treated with 2 or less prior severely myelosuppressive chemotherapy regimens and initiate treatment with olaparib at 100 mg once daily on days 1 to 4 (DLÀ1). Because of persistent myelotoxicity following a return to DL1, olaparib administration was amended to 100 mg twice daily on day 1 only. Cisplatin and gemcitabine were administered at the same dose on day 1 and day 1 and 8, respectively. Treatment was repeated every 3 weeks up to a maximum of 6 cycles, disease progression, or development of intolerable toxicity. Dose modifications were carried out in patients who developed severe toxicities based on predefined criteria. The MTD was the dose level at which no more than 1 of up to 6 patients experienced dose-limiting toxicities (DLT) during the first cycle of treatment and the dose below that at which at least 2 of 6 patients experienced a DLT. The definition of DLTs and detailed study assessments are provided in the Supplementary Section. Toxicity assessment was according to the Common Terminology Criteria for Adverse Events (CTCAE) version 3.0.
Pharmacodynamic analysis
Pharmacodynamic studies included estimation of PAR by ELISA in PBMCs and tumor samples. Pre-and posttreatment tumor biopsies were conducted in 2 patients. The prestudy biopsy was conducted within 1 week of the start of treatment, and the posttreatment biopsy was conducted on day 4 of cycle 1, 24 hours AE 4 hours after first dose of cisplatin/gemcitabine. PBMC samples were obtained at the following time points: when olaparib was administered from days 1 through 4, prestudy before day 1, 6 hours postdose on days 2 to 4, and before the first dose of olaparib on day 1 of cycle 2; when olaparib was administered on day 1 only, predose on day 1, 6, 12, 24, and 48 hours after the first dose of olaparib on day 1, and before the first dose of olaparib on day 1 of cycle 2. Details of sample processing and analysis are presented in the Supplementary Section.
Pharmacokinetic analysis
Serial plasma samples for olaparib were collected and analyzed over 3 days. Plasma samples for olaparib and gemcitabine were collected and analyzed at predose and 30 minutes after initiation of gemcitabine infusion and 0.5, 1, 2, 3, 5, and 8 hours after the end of the infusion on day 1. The same sampling schedule was repeated on day 8 for gemcitabine. Details of sample processing and bioanalysis are presented in the Supplementary Section. Pharmacokinetic parameters were estimated using noncompartmental methods for rich sample sets and population pharmacokinetic methods for sparse data. A one-compartment model with first-order absorption (k a ) and elimination parameterized in apparent volume of distribution (V/F) and clearance (CL/F) was used to describe the drug concentrations. Parameters and additional metrics were estimated with WinNonlin Professional version 5.0
Translational Relevance
The therapeutic strategy of PARP inhibition has been extensively evaluated in recent years and various PARP inhibitors including olaparib are being studied in different clinical trials. However, recently concluded studies have shown that combining cytotoxic chemotherapy with PARP inhibitors produces dose-limiting adverse events, especially significant myelosuppression.
We believe our study is the first to evaluate a combination of the PARP inhibitor olaparib with cisplatin and gemcitabine using two different schedules of administration of olaparib. We have shown that despite using lower-than-normal doses of cytotoxic chemotherapy and two different dosing schedules, the addition of olaparib causes significant myelosuppression. Our correlative studies reveal that multiple doses of olaparib are required for sustained inhibition of PARP.
Hence, novel schedules of administration need to be explored including intermittent dosing to result in adequate inhibition of the primary target and better tolerance when combined with chemotherapy.
(Pharsight Corporation) and MONOLIX software version 3.2 for use of the SAEM algorithm in population. Details on the population modeling are included in the Supplementary Section.
Statistical analysis for the pharmacokinetic parameters was conducted with S-Plus v8.0 (Insightful Corporation). The nonparametric Wilcoxon rank-sum test was used for nonpaired data and the Wilcoxon signed-rank test for paired data. All P values were 2-tailed with P < 0.05 considered statistically significant. Pharmacokinetic evaluations were conducted in an exploratory manner without any formal adjustment for multiple comparisons.
Results
Between May 2008 and November 2009, 23 patients were enrolled (Table 1) .
DLTs and MTD
Two of the first 3 patients enrolled at DL1 experienced DLTs. One patient developed grade IV thrombocytopenia on day 16, which resolved within 1 day. Another patient developed grade IV neutropenia on day 17 that resolved after 5 days, an infection on day 18 and grade IV thrombocytopenia on day 16 that resolved within 1 day.
The next 3 patients were treated at DLÀ1 (olaparib 100 mg once daily from days 1-4, cisplatin 50 mg/m 2 on day 3, and gemcitabine 400 mg/m 2 on days 3 and 10) and no DLTs were observed. Following this, the protocol was amended to include patients who had received no more than 2 prior severely myelosuppressive chemotherapy regimens and start treatment at DLÀ1. Three patients were treated and no DLTs were observed. Thereafter, 3 patients were enrolled and treated at the next higher dose level, that is, DL1. One of 3 patients developed a DLT: grade IV thrombocytopenia on day 15 that resolved within 2 days. Because of the development of a DLT in 1 of 3 patients, this cohort was expanded to 6 patients. Two of the next 3 patients developed DLTs: one patient developed grade IV neutropenia and grade IV thrombocytopenia on day 16, which resolved after 10 and 4 days, respectively. Another patient developed grade IV thrombocytopenia on day 16, which lasted for 4 days.
Because of persistent myelotoxicity, the protocol was further amended to administer olaparib at 100 mg orally twice daily for 1 day only along with cisplatin on day 1 and gemcitabine on days 1 and 8 at previously described doses. Three patients were treated at DL1: one developed a DLT consisting of an upper gastrointestinal bleed on day 10, due to a duodenal ulcer and no further treatment was given. Three more patients were treated at DL1 and no further DLTs were seen. Dose escalation was then conducted but only 2 patients were treated at DL2 (cisplatin increased from 60 to 75 mg/m 2 ; olaparib and gemcitabine doses unchanged) and both developed nonhematologic DLTs. One patient developed a grade III syncopal episode of unclear etiology on day 6. Another patient developed grade III hypoxia on day 7 and received no further treatment. A computed tomographic scan of the chest showed diffuse bronchiolitis and symptoms improved substantially after initiation of steroid therapy. Hence, we believe the patient might have experienced pneumonitis that was possibly related to treatment.
On the basis of these findings, the MTD was determined to be olaparib 100 mg once daily on day 1, cisplatin 60 mg/m 2 on day 1, and gemcitabine 500 mg/m 2 on days 1 and 8.
Adverse event profile
Anemia and leukopenia were mainly grade I or II (52% and 61%, respectively) and neutropenia, lymphopenia, and thrombocytopenia were mainly grade III-IV (61%, 61%, and 57%, respectively). The degree of myelosuppression did not change even after enrolling patients who were less heavily pretreated and decreasing the duration of olaparib. Nonhematologic toxicity was generally mild (grade I and II; Tables 2 and 3 ).
Pharmacodynamic studies
Analysis of PAR levels in PBMCs showed that olaparib was inhibiting its primary target, that is, PARP-1 (Fig. 1) . However there were differences in the degree and duration of inhibition that were dependent on the number of doses of olaparib administered. In 10 of 15 patients who received olaparib for 4 days every 21 days, PBMC samples were available for measurement of PAR at baseline, end of olaparib administration on day 4, and before initiation of cycle 2 of treatment. In all cases, PAR levels at the end of olaparib administration were lower than at baseline. However, in 5 of 10 cases PAR levels had rebounded to levels greater than at baseline before initiation of cycle 2. Among patients who received olaparib for 1 day every 21 days, PBMC samples were available for measurement of PAR at baseline, 6-, 12-, 24-, and 48-hour postdosing and before commencement of cycle 2 in 5 of 8 patients. Although PAR inhibition was seen in all cases, the levels had started rebounding toward baseline within 36 hours of the last dose of olaparib and exceeded baseline value in 4 of 5 cases before commencement of cycle 2. Assessment of PAR levels in tumor samples was conducted in the first 2 patients enrolled on the study and showed significant inhibition of PAR on a repeat biopsy conducted on day 4 of treatment.
Pharmacokinetics of olaparib
Pharmacokinetics of gemcitabine was as expected and not influenced by olaparib coadministration (see Supplementary Results). Following administration of two 50 mg olaparib tablets, oral absorption was relatively rapid with a mean C max of 2,399.8 AE 1,371.5 mg/L observed at 2 hours in 8 patients versus 2,932.8 AE 672.6 mg/L observed at 1 hour in 5 frequently sampled patients receiving a first dose of olaparib (n ¼ 13). Comparatively, the mean C max of olaparib when coadministered with gemcitabine on day 1 in a separate cohort (n ¼ 8) was 3,772.3 AE 1,366.7 mg/L at approximately 3.37 hours on average, a statistically significant increase in C max of 44.8% over monotherapy (P ¼ 0.047, exact Wilcoxon rank-sum; Fig. 2 ). Similar intergroup comparisons of AUC 0-12hr showed a greater (compared with C max ) increase in olaparib exposure (1.79-fold AUC increase over olaparib alone) when coadministered with gemcitabine ( Fig. 3 ; P ¼ 0.0464, Wilcoxon rank-sum, olaparib n ¼ 9, olaparib þ gemcitabine n ¼ 8). Intrapatient comparisons were consistent with these results as the relative exposure of olaparib given with gemcitabine in the morning was greater in 6 of 7 evaluable patients than with olaparib alone given in the evening (Fig. 3) , as the mean AUC 0-12h for the first and second doses (adjusted for residual trough values) were 19.66 AE 6.4 and 16.97 AE 6.4 mg hr/L, respectively (P ¼ 0.0469, exact Wilcoxon signed-rank test, n ¼ 7 subjects with percentage of AUC extrapolated <35% of second dose AUC).
Olaparib multiple dose pharmacokinetics
For the cohort of patients who received olaparib twice daily for 4 days, expected levels of accumulation (i.e., C max nth /C max 1st and AUC ss /AUC 0-12hr ) were observed on day 2 suggestive of linear pharmacokinetics (based on the dosing interval/half-life ratio). The mean observed accumulation on day 2 was 1.3-fold for twice daily dosing where all observed T max values were at 1 or 2 hours. The mean observed accumulation of olaparib on day 3 when given with gemcitabine was 1.51-and 1.61-fold for C max and AUC 0-12hr , respectively, which was approximately 20% to 30% higher than expected steady-state levels and significantly higher than the immediately preceding dose level (P ¼ 0.0195 and 0.0273, exact Wilcoxon signed-rank test, n ¼ 9) suggesting a potential impact on olaparib exposure in the presence of gemcitabine.
Pairwise effect of gemcitabine on olaparib pharmacokinetics
The effect of gemcitabine on olaparib pharmacokinetics was observed in patients who received olaparib on day 1 Grade I-II  0  0  0  1  1  Grade III-IV  2  2  1  0  1  Fatigue  Grade I-II  0  3  3  1  1  Grade III-IV  0  0  0  0  0  Constipation  Grade I-II  1  0  1  4  0  Grade III-IV  0  0  0  0  0  Nausea  Grade I-II  2  3  3  3  1  Grade III-IV  0  0  0  0  0  Vomiting  Grade I-II  0  0  2  1  1  Grade III-IV  0  0  1  0  0  Diarrhea  Grade I-II  2  1  0  0  0  Grade III-IV  0  0  1  0  0  Hypoxia  Grade I-II  0  0  0  0  0  Grade III- Patients should not have received more than 2 prior severely myelosuppressive chemotherapy regimens; olaparib every day D1-D4, cisplatin D3, gemcitabine D3 and D10. c Olaparib twice a day D1, cisplatin D1, gemcitabine D1 and D8.
only with gemcitabine compared with a second dose 12 hours later without gemcitabine. The mean C max values of olaparib during a second dose without gemcitabine was reduced in 6 of 8 patients by an average of 32% with a mean C max of 3,772.3 AE 1,366.7 mg/L versus 2,860.3 AE 1,087.2 mg/L (n ¼ 8). The C max was approximately 50% lower than expected from accumulation of dose 1 trough plasma levels of 833 AE 561.7 mg/L. The second dose of olaparib displayed a prolonged elimination half-life in 6 of 8 patients with a mean of 5.46 AE 1.7 hours compared with the first dose mean of 4.07 AE 1.3 hours (P ¼ 0.016, Wilcoxon signed-rank test, n ¼ 8).
Antitumor activity
Twenty one patients were evaluable for response (treatment was discontinued because of development of presumed treatment-related pneumonitis in one patient and due to development of grade III thrombocytopenia and gastrointestinal bleeding in another patient). Two patients had partial response (PR), 13 stable disease (SD) with a median duration of 20 weeks (range, 6-114 weeks) and 6 progressive disease. Although patients were not screened for mutations in BRCA1 and BRCA2, 2 patients were known to have BRCA abnormalities. One patient with ovarian cancer had a variant of BRCA1 of unknown significance. She completed 6 cycles of therapy at DLÀ1 with SD. CA125 decreased from 311 U/mL at baseline to 12 U/mL after completion of treatment. The second patient was a male with pancreatic cancer, a past history of breast cancer and an extensive family history of breast cancer. He had a known BRCA2 mutation, completed 6 cycles of therapy at DL1, and had a confirmed PR. CA19-9 levels decreased from 3,841 U/mL at baseline to 667 U/mL at the end of treatment. Both patients received olaparib for 4 days in 21-day cycles. One patient with NSCLC had a PR and completed 6 cycles of treatment at DLÀ1.
Discussion
This phase I study shows that combining olaparib with cisplatin and gemcitabine results in significant thrombocytopenia and neutropenia. The degree of myelosuppression was related to the duration of treatment with olaparib. The etiology of myelosuppression remains unclear although it could be a result of potentiation of cisplatin activity due to PARP inhibition (7) . Other studies evaluating administration of PARP inhibitors with chemotherapy have also shown an association between the schedule of administration of the PARP inhibitor and the occurrence of myelosuppression. DLTs of neutropenia and thrombocytopenia have been described with a 7-day course of olaparib in combination with dacarbazine administered in 21-day cycles (5) . A higher degree of myelosuppression than expected has also been noted with a 5-day course of the PARP-1 inhibitors AG014699 and INO-1001 administered every 4 weeks in combination with temozolomide (9, 10). Higher than expected thrombocytopenia was also seen in a phase II study evaluating the PARP inhibitor veliparib (ABT888) used for 7 days in combination with temozolomide given concurrently for 5 days of a 28-day cycle (11) . Interestingly, in a randomized phase 2 study of 123 patients with metastatic triple-negative breast cancer evaluating carboplatin and gemcitabine with or without the PARP inhibitor iniparib administered on days 1, 4, 8, and 11 of a 21-day cycle, there was no significant difference in the frequency of adverse events, including myelosuppression between the 2 treatment arms. This study showed that the addition of iniparib to chemotherapy improved the rate of clinical benefit and survival (12) . However a randomized phase III study of the same combination in 519 patients with metastatic triple-negative breast cancer failed to show a statistically significant improvement in progression-free and overall survival (13) . Because iniparib is thought to be a much weaker PARP inhibitor than the other agents under development, the lesser potency may well be a factor mitigating the hematologic toxicity (14-16). In our study, olaparib pharmacokinetics appeared to be influenced by coadministration of gemcitabine and olaparib exposure may be modestly increased by concomitant gemcitabine administration at doses of at least 400 mg/m 2 . Increased sensitivity to DNA-damaging agents has been showed in PARP knockout mice (17) . Hence, an increase in olaparib exposure in the presence of cisplatin, which causes DNA double-strand breaks, could potentially explain the higher degree of myelosuppression due to an effect on rapidly dividing bone marrow cells. Pharmacodynamic data from our study suggest that multiple doses of olaparib are required for sustained inhibition of PARP during the course of a 21-day cycle with an intermittent schedule of administration to prevent dose-limiting myelosuppression. Maximum inhibition of PAR was seen between 6 and 24 hours after the first dose of olaparib administration with 2 doses in one day. PAR levels had started approaching baseline values within 36 hours of the last dose of olaparib and exceeded baseline values in 80% of cases before the next cycle of treatment.
Of the 2 patients who had PR observed in our study, one patient was known to have a mutation in BRCA2. The benefits of adopting a synthetic lethal approach using PARP inhibition in cancers harboring BRCA mutations are well described (4, 18, 19) . However, tumor cells can be susceptible to PARP inhibition in the presence of other defects in DNA repair by homologous recombination, such as loss of function of the Fanconi anemia repair pathway and mutations in the ataxia telangiectasia gene (20) (21) (22) (23) . Screening tumors for non-BRCA defects in the homologous recombination pathway could help identify patients with tumors sensitive to PARP inhibition.
Development of significant myelotoxicity prevents the use of standard doses of cisplatin and gemcitabine chemotherapy in combination with olaparib. Newer schedules of administration, the selection of a PARP inhibitor based on specificity for PARP isoforms and potency and patient selection based on genotypic factors affecting DNA repair, need to be explored in future trials.
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